on the subject of critical radius of insulation treated effects and corrections such as surface radiation and a variable heat transfer coefficient. Radiation and convection were considered to be dependent on the outside radius and the exterior surface temperature. It appears that all the work cited on the subject focuses on a horizontal slender cylinder. Hence, under such constraints, the analysis yields a value or an expression for the critical radius which is uniform along the length of the cylinder. When the orientation of the cylinder is taken into consideration, a single critical radius is no longer valid but rather a local critical radius is more significant due to the variation of the convection heat transfer coefficient along the length of the cylinder. Accordingly, coating the cylinder with a uniform layer of insulation can result in an increase in the heat transfer rate in one portion of the cylinder and a decrease in another.
The aim of this communication is (i) to re-examine the effect of a variable heat transfer coefficient on the critical radius when the angle of inclination of the cylinder is included as an additional parameter, (ii) to assess the effect of the opacity of insulation on the critical radius and on the heat transfer rate when the insulation is semi-transparent with an absorption coefficient K.
ANALYSIS
The model chosen for this analysis is shown in Fig. 1 . It is a slender cylinder of length L oriented arbitrarily at an angle 8 from the vertical. The cylinder is coated with a layer of insulating material having a constant temperature on the inside while the exterior surface temperature, To, is considered to be dependent upon r,,, 0, the distance x along the cylinder and the insulation absorption coefficient K. The dependency on r,,, 0 and x stems from a variable natural convection coefficient while the dependency on K arises in considering a semi-transparent insulating layer. The thermal conductivity and absorption coefficient of the layer are taken as constant. The appearance of an axial variation in the exterior temperature of the insulation does yield axial conduction and radiation terms. However, such terms are considered insignificant relative to the radial rates of heat transfer.
The problem is first formulated in a general way and subsequently reduced to the common case of opaque insulation. When a semi-transparent layer is considered, the energy equation within the layer takes the following form:
Introducing the expression for the conductive heat flux qr in equation (1) 
Equation (4) represents the energy balance at the exterior surface of the insulating layer. For an opaque layer, there is no radiative contribution within the layer so that qr in equations (2) and (3) and (qJ-in equation (4) 
The existence of relationships for h in the literature compatable with the present model are quite limited as the exterior surface is neither exposed to a constant temperature nor to a uniform heat flux. In view of such limitations, and because the concept of a local critical radius can be illustrated by any expression representing a local natural convection coefficient, the following relationship presented in ref.
[S] was used : -= C(Gr, Pr)" Gr,Pr 1.48 x 10' k, i! 12 (9)
SOLUTION AND RESULTS
As equations (2)- (7) do not possess analytical closed form solutions for the critical radius, a numerical iterative approach was used. For the case of opaque insulation, the solution is started by an assumed value for the exterior surface temperature, T,. h, is then calculated from equation (7 T, is subsequently obtained from equation (6) which is used again in equation (7) to give a new value for h,. The procedure is repeated until convergence to a correct value for T, is achieved. The T,, thus found is used to calculate the local radial heat transfer rate from the cylinder expressed by equation (6). For the semi-transparent insulation, an assumed profile for T(r) is initially used in equation (3) and subsequently used also in equation (2) to generate T(r) including T,,. The resulting T(r) is used in equation (3) to calculate a new C, and hence a new T(r) from equation (2). Repeating such iterations yielded a To which was used to calculate h, from equation (7) and ultimately was used in equation (4) to calculate the radial heat transfer rate. The ambient temperature is chosen at 294.2 K. Figures 2 and 3 show the local critical radius, rcr along the cylinder for vertical, horizontal, and 30" orientation when the insulation is opaque. A representative value (used in ref. [l] ) for the thermal conductivity of insulation equal to 0.156 W m-1 C-' was used. The radius ri of the bare cylinder was fixed at 1.6 mm with the temperature at this location maintained at 338.7 K. Figure 2 , in which surface radiation was not included, shows a constant critical radius, as expected, for the horizontal cylinder as h, is invariant with x. Also shown in this figure are the results for avertical and an inclined cylinder indicating a substantial variation in the values of the critical radius along the cylinder. When re is less than rO, an augmentation in the exterior radius r0 (increasing the thickness of insulation) results in a reduction in the heat transfer rate in that segment of the cylinder. In the region where rc is larger than r,, an augmentation in thickness yields an increase in heat transfer-rate there. Similar results are shown in Fig. 3 in which surface radiation is accounted for. With surface radiation the critical radius is expressed as k/(h + 4sFuTi) where in the present analysis E and F are taken as unity. In this case the critical radius follows a similar trend to that in Fig. 2 but consistently lower. For horizontal cylinders, the present results are in a slight disagreement with the results ofref. rll due to the difference in the relationshins used for the natural convection heat transfer coefficient. . Figure 4 shows the effect of thickness and opacity of a semitransparent insulation on the heat transfer rate from a horizontal cylinder. A horizontal case is chosen in order to isolate these effects from effects of inclination. The high rate of heat transfer exhibited for a zero absorption coefficient, K = 0, is due to an additional factor, namely radiation leaving the inner surface of insulation at ri with Ti directly to the exterior ambient in addition to the interior conduction and exterior convection. Increasing the opacity (increasing K and rO) shifts the rate of heat transfer towards the opaque case, and insulation in this case plays the role of a radiation shield. As the optical thickness (rOK) becomes very large, the insulation becomes essentially opaque and radiation becomes a surface phenomenon. This behavior can easily be verified by looking at the expression for the radiative heat flux q& in the optically thick limit with black boundaries and temperature jump boundary conditions given as [6] C%lr=r; = The value of this expression progressively decreases as a, increases, and it approaches zero as a, approaches infinity, thus yielding equation (6). Of interest is the location of the maximum value of heat transfer of the curves as they represent the position of the critical radius. The opaque insulation with surface radiation exhibits the lowest value for rc. A reduction in the opacity shifts the peaks to the right and hence to a larger value for rc. This shift can be interpreted as a result of providing an effective K, comprising radiation and conduction, and hence decreasing the value of the internal resistance to heat transfer. Finally, it can be stressed that in insulating slender cylinders arbitrarily oriented, a need arises in having the thickness of insulation compatable with the orientation as well as with the opacity of insulation. It is important to point out also that the idea of a local critical radius can be extended to a circumferentially variable heat transfer coefficient for the case of a horizontal cylinder. Extreme caution, however, should be exercised if the convection coefficient is considered to vary both axially and circumferentially over the cylinder due to the scatter of the existing data and the disagreement among the relationships recommended in the literature for natural convection from inclined surfaces.
